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Key Points:20
• Three methods are used to analyze a methane plume observed over the North Sea21
• Only with use of all three methods can the source of the plume be understood22
• Measurement of carbon isotopes is essential for source identification, given limita-23
tions to the model and the extent of the measurements24
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Abstract25
Airborne measurements of a methane (CH4) plume over the North Sea from August26
2013 are analyzed. The plume was only observed downwind of circumnavigated gas fields,27
and three methods are used to determine its source. First, a mass balance calculation assum-28
ing a gas field source gives a CH4 emission rate between 2.5±0.8x104 and 4.6±1.5x104 kg29
h−1. This would be greater than the industry target of a 0.5% leak rate if it were emitting for30
more than half the time. Second, annual average UK CH4 emissions are combined with an31
atmospheric dispersion model to create pseudo-observations. Clean air from the North At-32
lantic passed over mainland UK, picking up anthropogenic emissions. To best explain the33
observed plume using pseudo-observations, an additional North Sea source from the gas rigs34
area is added. Third, the δ13C-CH4 from the plume is shown to be -53‰, which is lighter35
than fossil gas but heavier than the UK average emission. We conclude that either an addi-36
tional small-area mainland source is needed, combined with temporal variability in emission37
or transport in small-scale meteorological features. Alternatively, a combination of addi-38
tional sources that are at least 75% from the mainland (-58‰) and up to 25% from the North39
Sea gas rigs area (-32‰) would explain the measurements. Had the isotopic analysis not40
been performed, the likely conclusion would have been of a gas field source of CH4. This41
demonstrates the limitation of analysing mole fractions alone, as the simplest explanation is42
rejected based on analysis of isotopic data.43
1 Introduction44
Reduction of methane (CH4) emissions is potentially an effective way of reducing the45
radiative forcing from greenhouse gases in the short term. The atmospheric lifetime of CH446
is about 10 years, much shorter than that for carbon dioxide (CO2), so reducing its emissions47
would rapidly reduce its atmospheric abundance. As CH4 is the second most important well-48
mixed greenhouse gas after CO2, this would have a strong impact on radiative forcing. The49
Intergovernmental Panel on Climate Change’s most recent report states that methane’s global50
warming potential is 84 times that of CO2 over 20 years, and 28 times over 100 years [Myhre51
et al., 2013]. More recent work by Etminan et al. [2016] suggests it is 25% higher than this52
when shortwave forcing is included.53
If effective measures are to be taken to reduce CH4 emissions, a good understanding of54
its present sources is first needed. However, the global atmospheric budget of CH4 is com-55
plex and incompletely understood. The dominant sink is by oxidation, mainly by reaction56
with OH, and the balance between different sources is uncertain. A comprehensive review of57
the literature by Saunois et al. [2016] reports estimated global emissions to the atmosphere58
over the decade 2003 to 2012 from top-down inversion studies and from bottom-up invento-59
ries. They found that top-down methods gave lower total emissions (558 Tg CH4 yr−1 with a60
range between 540 and 568 Tg CH4 yr−1) compared to the bottom-up estimates (736 Tg CH461
yr−1 with a range between 596 and 884 Tg CH4 yr−1). Approximately 40% of emissions are62
from natural sources and 60% are anthropogenic. Wetlands, in the tropics and high northern63
latitudes, are one major source, with estimates ranging between 127 to 202 (top-down) and64
153 to 227 (bottom-up) Tg CH4 yr−1. Agriculture and waste, including cattle farming, paddy65
fields and landfill, contribute 115 to 243 (top-down) and 178 to 206 (bottom-up) Tg CH466
yr−1. Fossil fuel emissions are a slightly smaller source, at 77 to 133 (top-down) and 114 to67
133 (bottom-up) Tg CH4 yr−1, which accounts for 15-18% and 14-24% of the total emissions68
respectively.69
In contrast to the literature reviewed in Saunois et al. [2016], a recent study by Schwiet-70
zke et al. [2016] found that fossil fuel emissions were 60 to 100% higher than in the existing71
literature, at about 195 Tg CH4 yr−1 (combining fossil fuel industrial emissions and natural72
geological seepage). They attributed CH4 from different sources by combining the newest73
and most comprehensive isotopic database with an atmospheric box model. The ratio of car-74
bon isotopes in CH4 (13C:12C) relative to a standard is known as δ13C-CH4, and is used to75
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identify different sources of CH4, as each source emits at a different ratio. The findings in76
Schwietzke et al. [2016] signal a greater potential for reductions in fossil fuel emissions than77
previously thought. To reduce uncertainty in our emissions estimates, more measurements78
and modeling of CH4 and its isotopes are needed.79
The Climate Change Act in the UK has a legal target to reduce greenhouse gas emis-80
sions by 80% compared to 1990 levels by 2050 (and by 34% by 2020). Because of its rela-81
tively short lifetime, reduction in CH4 emissions could be a particularly effective measure,82
especially during a transitional phase. However, national CH4 emissions by sector need to be83
clearly known in order to determine the most effective policy.84
In the UK, greenhouse gas emissions are calculated annually in the National Atmo-85
spheric Emissions Inventory (NAEI, http://www.naei.org.uk), and reported to the United Na-86
tions Framework Convention on Climate Change (UNFCCC). Emissions factors are assigned87
for each different source type, with sources falling under wider categories including agricul-88
ture, energy supply, industrial processes and waste management. Combining these with maps89
of source location builds the emission inventory from the bottom-up. Total CH4 emissions90
from the UK in 2013 are reported as 56 Tg CO2e, equivalent to 2.2 Tg CH4 (UK Greenhouse91
Gas Inventory 1990 to 2014: Annual Report for submission under the Framework Conven-92
tion on Climate Change, 2016).93
UK emissions are also estimated independently from the top-down using an inverse94
model-based approach and atmospheric CH4 measurements. For example, Manning et al.95
[2011] used an inversion procedure using the NAME (Numerical Atmospheric-dispersion96
Modeling Environment) air-parcel dispersion model to estimate emissions of CH4 since97
1990. Their derived values showed good agreement with the NAEI in the 2000s (the NAEI98
emissions are within the 25th to 75th percentile of the inversion results for every year sim-99
ulated), but poor agreement during the 1990s (where the NAEI emissions were larger than100
the inversion’s 95th percentile for most years, by over a factor of 2 for some years). Since its101
publication, the bottom-up estimates in the NAEI have been revised upwards, taking them102
further from the top-down approach, with agreement being reached only by the late 2000s.103
Polson et al. [2011] also evaluated the NAEI greenhouse gas emissions, using an inversion104
based on aircraft data from flights circumnavigating the UK in 2005/6 and the NAME model.105
For CH4, the mean inversion estimate of UK emissions (3.5 Tg yr−1, with a range of 0 to 8.0106
Tg yr−1) was larger than the NAEI inventory (2.4±0.5 Tg yr−1 for 2005), although the uncer-107
tainty range was very large and entirely encompassed the NAEI estimate.108
The energy sector accounts for about a third of all greenhouse gas emissions in the109
UK (95% is emitted as CO2), including a number of offshore gas fields in the seas around110
Britain. In December 2015, the government awarded 93 new licences to explore oil and111
gas on the UK mainland, three quarters of which relate to the hydraulic fracturing of shale112
(https://www.gov.uk/guidance/oil-and-gas-licensing-rounds#th-landward-licensing-round).113
Atmospheric CH4 concentrations have been growing since the industrial revolution,114
however the rate of growth varies significantly from year to year. The growth rate was large115
in the 1980s and slowed in the 1990s. Several factors have been proposed to explain this,116
although there is no consensus in the literature. Possible explanations include a decrease in117
fossil fuel extraction and efficiency improvements in the former Soviet Union [Dlugokencky,118
2003; Schaefer et al., 2016]; a combination of reduced northern anthropogenic emissions119
and reduced wetland emissions [Bousquet et al., 2006]; an increased amount of OH, which120
reduces the CH4 lifetime and therefore abundance [Fiore et al., 2006; McNorton et al., 2016;121
Schaefer et al., 2016].122
It is also not certain what has caused more recent increases to the global atmospheric123
growth rate. Between 1999 and 2006, the global CH4 burden was stable. Since 2007, it has124
been increasing again, growing at about 6 ppb per year [Nisbet et al., 2016]. Bergamaschi125
et al. [2013] attribute this trend mainly to anthropogenic emissions from the tropics and126
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northern mid-latitudes, with interannual variability of wetlands and biomass burning su-127
perimposed. However, Schaefer et al. [2016] show that source increases since 2006 appear128
to be predominantly biogenic and propose tropical agriculture as the likely reason. Nisbet129
et al. [2016] concur that the recent increases are biogenic, but conclude that tropical wetlands130
are more consistent with the observed interannual variability. Recent work by Turner et al.131
[2016] based on satellite and surface measurements revealed a 30% increase in CH4 emis-132
sions from the USA in the last decade, however further work is needed to identify specific133
sources. The OH sink is another candidate driver for global trends. Both Rigby et al. [2017]134
and Turner et al. [2017] demonstrate that variations in OH can explain the recent upward135
trend without the need to invoke sudden changes in CH4 sources.136
Top-down methods are used to calculate emissions independently of bottom-up in-137
ventories. Karion et al. [2013] have estimated emissions from an oil and gas field in Utah.138
They made aircraft measurements of CH4 while circumscribing the field and employed a139
mass balance approach to derive emissions. On one particular day their derived emissions140
corresponded to around 6-11% of the average hourly natural gas production from the field.141
This is a large value, and it is clearly important to establish how large and how variable are142
emissions from natural gas fields. The same approach was used in Karion et al. [2015] to143
estimate CH4 emissions from the Barnett Shale region in Texas. Their calculated value of144
60±11x103 kg hr−1, or 16.7±3.1 kg s−1, was three times higher than the total natural gas and145
petroleum associated emissions reported by industry to the US Environmental Protection146
Agency’s Greenhouse Gas Reporting Program in the same region, and five times higher than147
the oil and gas sector emissions in the Emission Database for Global Atmospheric Research148
(EDGAR) CH4 inventory. Aircraft measurements were also used by Conley et al. [2016] to149
estimate emissions from the Aliso Canyon leak in 2015, showing that at its peak, it was re-150
leasing as much CH4 as the rest of the entire Los Angeles basin.151
The total UK gas production from offshore gas and oil fields between November 2014152
and October 2015 was approximately 36 Tg (https://itportal.decc.gov.uk/pprs/report3.pdf,153
accessed January 2016), so that a 1% leak rate (commonly referred to as fugitive emission)154
would be equivalent to nearly a fifth of the annual UK emissions of CH4. Leaks of this mag-155
nitude, which as a percentage are lower than reported in, for example, Karion et al. [2013]156
and Karion et al. [2015], could therefore be a potentially important contributor to UK emis-157
sions.158
Methane in the Arctic: Measurements, process studies and Modeling (MAMM) is a159
project aimed at studying Arctic CH4 using ground and airborne measurements interpreted160
by a variety of numerical models. Four one-week aircraft campaigns took place in the sum-161
mers of 2012, 2013 and 2014. The UK BAe-146-301 Atmospheric Research Aircraft oper-162
ated out of Kiruna Airport in northern Sweden, making measurements over the Scandinavian163
wetlands and as far north as Svalbard (see Section 2 for details). On each occasion the op-164
portunity was taken on transit back to the UK to make measurements over gas and oil fields165
in the North Sea. During one flight in particular, meteorological conditions were suitable for166
the estimation of emissions using a mass balance approach. Here, we use several methods167
to identify CH4 emissions based on the aircraft observations (mass balance, air mass history168
modeling and carbon isotope analysis). The aim is to provide an estimate of emissions on169
one particular day and, importantly, to evaluate whether these methods are fit for purpose,170
and to identify what measurements must be collected to use them successfully.171
2 Measurements172
Measurements were taken on board the UK’s Facility for Airborne Atmospheric Mea-173
surements (FAAM) BAe-146-301 Atmospheric Research Aircraft, subsequently referred to174
as the aircraft.175
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Measurements of CH4 mole fraction were made on board the aircraft using a Fast176
Greenhouse Gas Analyzer (FGGA; Los Gatos Research Inc., USA). Full details of the mea-177
surement principle employed (off-axis integrated cavity output spectroscopy) are given by178
Paul et al. [2001], and details regarding the implementation of the instrument on board the179
aircraft, including an assessment of the instrument performance over several campaigns, are180
presented by O’Shea et al. [2013]. The instrument was calibrated in flight using standards181
traceable to the WMO greenhouse gas scale [Dlugokencky, 2005]. A target standard was182
used to assess instrument drift between calibrations; O’Shea et al. [2013] report a mean off-183
set from the WMO-traceable cylinder composition of -0.07 ppb for CH4, with a standard184
deviation of 2.5 ppb for the 1 Hz measurements. They also report uncertainties of 1.0 ppb185
and 0.8 ppb corresponding to the correction for the influence of water vapor on the mea-186
surements, and the certification of the target cylinder on the WMO scale respectively. The187
uncertainty on an individual 1 Hz measurement can then be calculated by combining these188
uncertainties with the standard deviation of 1 Hz target measurements, giving a total uncer-189
tainty of 2.8 ppb on each individual measurement. CO2 measurements were also made using190
the FGGA, with a total uncertainty of 0.68 ppm on each 1 Hz measurement, and are used in191
this study to aid CH4 source identification.192
Separate measurements of CH4 and CO2 were made by analysing whole-air-samples193
(WAS). WAS were collected in stainless steel flasks (for a description, see Lewis et al. [2013])194
and analyzed post-flight at Royal Holloway University of London using cavity-ring down195
spectroscopy (CRDS, Model G1301, Picarro Inc, USA). Uncertainty is estimated at ±0.5 ppb196
and ±0.1 ppm for CH4 and CO2, respectively. During the MAMM project the mean bias of197
the 400 WAS relative to the in situ measurements was -0.5 (±4.6 at 1σ) ppb for CH4 and -198
0.16 (±0.46 at 1σ) ppm for CO2 [O’Shea et al., 2014]. Additional air samples were collected199
in Tedlar bags when narrow plumes were encountered. The advantage of the bags was that200
they could be filled in 5 seconds compared with 20 seconds for the flasks, allowing short201
lived plumes to be sampled with less dilution. CH4 mole fraction was analyzed in the bags202
post-flight also by CRDS. All the flask and bag samples were analyzed for δ13C isotopic ra-203
tios of CH4, using continuous-flow gas chromatography/isotope-ratio mass spectrometry204
(CF-GC-IRMS), with a mean repeatability of 0.05‰ [Fisher et al., 2006]. Samples were205
measured in triplicate with an additional measurement analysis if the first 3 were not within206
0.1‰.207
On board measurements of many atmospheric parameters were taken, including pres-208
sure, temperature and the 3D wind vector with an estimated uncertainty of 0.3 hPa, 0.1 K209
and 0.2 ms−1, respectively [Allen et al., 2011]. Measurements of carbon monoxide (CO) and210
water vapor are used here to identify boundary layer air masses. Mole fractions of CO were211
measured using VUV (vacuum ultraviolet) fast-fluorescence spectrometry, with an uncer-212
tainty of 2% (AL5002, Aerolaser GmbH, Germany; Gerbig et al. [1999]).213
3 Dispersion Modeling214
To study the air mass histories of the sampled air, the Lagrangian particle dispersion215
model NAME [Jones et al., 2007] is run backwards from the location of the aircraft flight216
track. Further detail about the flight is in Section 4.1. The full flight track is shown in the217
supporting information, Figure S1. The model is run using the UK Met Office’s Unified218
Model meteorological analyses [Cullen, 1993], at a resolution of approximately 25 km (0.3516◦219
x 0.2344◦). Theoretical inert model air parcels, each representing a small amount of CH4,220
move according to the modeled 3D wind fields, with a random walk superimposed to repre-221
sent turbulent motions unresolved by the meteorological fields.222
Air parcels can be released either forwards or backwards in time. By running the model223
backwards in time, it is possible to calculate air mass histories, showing locations where224
the parcels spend time in the model’s planetary boundary layer (PBL). These can be com-225
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bined with emission maps to determine how measurement locations are affected by sources226
[France et al., 2016].227
Here, we run the NAME model backwards in time, with air parcels released from228
the flight track a rate of 200,000 per hour. When the air parcels pass through the modeled229
boundary layer during the 24 hours prior to the flight, they contribute to the boundary layer230
footprint. The footprint is defined as the time-integrated air concentration within the bound-231
ary layer. Footprint maps were calculated to represent every 5 minutes along the flight track,232
an example of which is shown in Figure 4. During the box pattern (shown in Figure 1), the233
aircraft moves about 33 km in 5 minutes. The NAME footprints were calculated using a234
0.1◦x0.1◦ grid over the area 10◦W to 4◦E and 50◦N to 60◦N.235
The footprint map and the annual average NAEI emissions are used to calculate the236
CH4 mole fraction enhancement at our measurement points along the flight track. The foot-237
print is divided by the total mass of air parcels, and multiplied by the grid cell area to work238
out the dilution matrix. This method is discussed in, for example, Ashfold et al. [2014]. The239
enhancement above the background along the flight track is the product of the dilution ma-240
trix and the gridded emissions in the footprint area. The calculated values of CH4 are called241
pseudo-observations. They represent the increment above some background due to the emis-242
sions transported by the modeled winds. The background CH4 is taken to be 1865 ppb, based243
on the AGAGE [Prinn et al., 2000] CH4 measurements from ∼12 UTC on 18 August 2013244
at Mace Head on the west coast of the Irish Republic (location marked on Figure S1). This is245
chosen as the back trajectories passed over the region at approximately this time.246
4 Results247
4.1 Overview248
As part of the MAMM project, three flights took place over the North Sea with the aim249
of sampling downwind of gas and oil rigs in the Leman field, in 2012 and 2013. The Leman250
gas field is one of the largest point sources in the NAEI inventory, with a total of 1.7 x 106251
kg emitted in 2014 through venting from two points in the inventory. Leman first produced252
gas in the late 1960s, and is situated between approximately 53◦0’N to 53◦10’N and 2◦0’E to253
2◦24’E (https://www.ogauthority.co.uk/data-centre/interactive-maps-and-tools/). There are254
a total of 33 platforms in the Leman field. Gas from these platforms and from other nearby255
North Sea fields is processed at the main platform, Leman Alpha. Situated immediately to256
the north west of the Leman field is the smaller Vulcan gas field with two platforms. Maps of257
the fields can be found at https://www.gov.uk/guidance/oil-and-gas-offshore-maps-and-gis-258
shapefiles.259
Data from flight B809 on 23 September 2013 showed an elevation in CH4 mole frac-260
tion of predominantly biogenic origin coming from the UK when approaching the coast, and261
transient and high enhancements of thermogenic CH4 (δ13C-CH4 -33.0 ± 1.0‰) from indi-262
vidual rigs as they were passed downwind (see Figure S2). There was an extremely low and263
variable mean wind speed on this day, therefore a conventional mass balance calculation was264
not possible as this relies on a stable and consistent flow regime. However light winds al-265
lowed isotopic signatures from the gas and oil rigs to be clearly identified, as a comparison266
point to other flights.267
The flight we focus on in the following analysis, B802 from Aberdeen to Cranfield,268
targeted the Leman gas fields on 19 August 2013. The surface pressure during the flight is269
shown in Figure S3, based on the ERA-Interim reanalysis [Dee et al., 2011]. A slow moving270
high-pressure system was present to the southwest of the United Kingdom, with outflow from271
the Humberside region being advected into the target area of the flight. The grey shading in272
Figure S3 marks the approximate area where the research flight flew low over the sea, which273
includes the Leman and Vulcan gas fields.274
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The initial flight segment from Aberdeen was at high altitude, followed by a descent to275
waypoint A at 53.1◦N, 3.0◦E (all waypoints are marked in Figure 1), which is close to the Le-276
man gas field (approximate location shown by the maroon box in Figure 1). The temperature,277
total water content, ozone, carbon monoxide and CH4 measurements on descent to the sea278
surface at point A and the ascent to about 700m following the end of the box pattern at point279
K, are shown in Figure 2. There is about 100 km and 1 hour 45 minutes between the two280
profiles, with higher temperatures and water content in the ascent. This is likely to be due to281
solar heating and near-surface evaporation generating water vapour on a faster timescale than282
the mixing is occurring.283
There is a strong temperature inversion at 2000 m. Below this, there are several less284
distinct layers, which can be seen by changes in humidity, temperature and trace gases at ap-285
proximately 1650 m, 1300 m and 500 m. The layer up to 500 m is relatively well mixed, as286
the potential temperature (black crosses) remains relatively constant, as does the CO (black287
circles). The CH4 has some variability up to 500 m (about 30 ppb or less than a 2% range on288
each profile), suggesting that although recently emitted CH4 has been mixed through the 500289
m layer, it has not yet become mixed to a uniform mole fraction throughout. At 500 m there290
is a temperature inversion, and the potential temperature increases with height above this in-291
version, indicating that this is a statically stable layer. This suggests that the well-mixed layer292
would not easily grow in depth, without additional heating. There is a higher water content293
in the ascent from point K compared to the descent to point A, which is likely to be due to294
near-surface evaporation generating water vapour on a faster timescale than the mixing is295
occurring.296
Soundings from Nottingham, upwind of the flight and marked in Figure S1, from 00:00297
and 12:00 UTC on 19 September were sourced from the University of Wyoming Department298
of Atmospheric Science database (shown in Figure S4). The temperature profile at 00:00299
UTC is similar to the aircraft profiles, but at a cooler temperature, with inversions at 200 m300
and 1500 m. This is consistent with a more shallow (200 m) nocturnal surface layer over301
land and a growth in PBL depth to 500 m because of solar heating during the day. The 1500302
m altitude temperature inversion could be expected to be a residual boundary layer of the303
previous day’s PBL, which corresponds to the layer capped at 2000 m seen downwind in the304
aircraft profile offshore.305
The 12:00 UTC sounding at Nottingham does not show this stability layer, consistent306
with a change in the prevailing meteorology (decreasing pressure) and greater PBL ventila-307
tion over the course of the day onshore. However this change was not observed at the time308
and location of the case study downwind. In summary, the soundings are consistent with the309
aircraft sampling a residual PBL representative of upwind land sources.310
The descent to point A reached 15 m above sea level (asl), based on the on-board radar321
altimeter. Figure 1 shows the subsequent box pattern sequence of flight legs as the aircraft322
circuited the Leman field at approximately 80 m asl. The flight tracks were designed to cover323
both upwind and downwind of the gas rigs in the Leman field. The mean wind speed during324
the crosswind transects was 5.4 m s−1 from a bearing of 330◦, with a standard deviation of325
0.8 m s−1 and 5◦. Wind barbs at regular intervals along the flight are shown in Figure 1.326
Figure 1 also shows the continuous CH4 measurements from the FGGA plotted us-327
ing a color scale. The most northerly of the approximately east-west flight legs (IJ) was328
characterised by CH4 mixing ratios between about 1900 to 1930 ppb, assumed to be North329
Sea background levels. More southerly legs showed much higher CH4 mixing ratios, espe-330
cially towards the east, with elevated CH4 up to 100 ppb above this background, in a plume331
about 90 km at its widest. This is referred to in the text as the plume. Some further elevated332
measurements of CH4 (>2050 ppb) were also reported, seen more clearly in Figure 3 below.333
These were of very short duration and always coincident with close proximity to individual334
rigs. These are referred to as spikes with local influence.335
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Figure 1. FGGA measurements of CH4 (ppb) along the track of flight B802. Wind barbs are plotted in
black. Letters label the sequence in which the pattern was flown. The maroon box marks the approximate
area of the Leman field, which was the target of this flight (referred to in the text as the Leman target area).
The time elapsed between point A (about 14:00 UTC) and point K (about 15:45 UTC) was about 1 hour 45
minutes. The thin blue line represents the coast of East Anglia.
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At first sight, the data suggest a source of CH4 in the Leman target area, south of the IJ336
line, that advected southeastward, spreading horizontally in the northwesterly flow. Had the337
source been further upwind (e.g. from the land) higher concentrations along the IJ line might338
have been expected. This hypothesis is tested using the following analyses.339
4.2 Mass Balance Estimate340
Mass balance models have been used to estimate emissions when there is a consistently341
strong wind blowing in a uniform direction over the source of interest. For example, from342
an oil and gas field in Karion et al. [2013], and over CH4 emitting wetlands in O’Shea et al.343
[2014].344
On 19 August, the wind speed and direction measured by the aircraft remained rela-345
tively constant between waypoints A and K (5.4 m s−1, standard deviation 0.8 m s−1 over346
transects AB, CD, EF, GH and IJ). The transit time from the upwind and the furthest down-347
wind leg is 1.85 hours. There is 1.7 hours between points A and K, so the average wind348
during A to K is representative of the wind during its transit over the area. As discussed in349
the previous section, the vertical profiles suggest that the mixed layer up to 500 m was not350
changing rapidly, although there is some change between the initial descent and final ascent.351
We can make a mass balance estimate of the CH4 emission source with the following352
assumptions: that the lowest layer was well mixed on the timescale of horizontal transport353
over the source region between upwind and downwind sampling (discussed next); that there354
was no significant transport into or entrainment from the free troposphere (which is consis-355
tent with the vertical temperature profile); and that a constant emission flux from the surface356
is being advected through our target area (which is likely to be a simplification of the real357
situation, and should be kept in mind when considering the resulting flux).358
The simplifying assumption of a well-mixed layer is required to perform the mass bal-359
ance calculation. We did not profile vertically through the CH4 plume, so there is no data to360
show whether the CH4 plume was uniform up to 500 m. Figure 2 shows that there is a sharp361
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Figure 2. Vertical structure measured in the area of interest during flight B802. (a) Dew point temperature
(blue crosses), temperature (red crosses) and potential temperature (black crosses). (b) Total water content
(blue crosses). (c) Ozone (red circles) and carbon monoxide (black circles) mixing ratios. (d) CH4 mixing
ratios during the descent (blue circles) to point A from above 2 km, and the ascent out of point K to about 700
m (red circles).
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320
discontinuity in mixing ratios and a capping temperature inversion at 500 m when the air-362
craft profiled near to the target area. Therefore, we assume that the CH4 detected during the363
box flights at 80 m asl had been confined in a shallow mixed layer of 500 m depth. The cal-364
culated emission rate will scale linearly with assumed mixed layer height. Figure 2d shows365
CH4 during descent to point A and ascent from point K, with some variability up to 500 m.366
To calculate the CH4 emission rate, we use367
Emission rate = U
∫ b
−b
∆S
(∫ zpbl
z0
ndz
)
cos θdx , (1)368
where U is the mean horizontal wind speed, and θ is the angle between the wind di-369
rection and the line perpendicular to the aircraft transect, such that Ucosθ is the compo-370
nent of the wind vector perpendicular to the flight transect. ∆S is the CH4 enhancement371
over the background, which is integrated over the width of the plume (-b to b). The molar372
density of air, n, is integrated over the depth of the boundary layer (z0 to zpbl). Equation 1373
gives the amount of CH4 (in moles) emitted from the surface per unit time, assuming no net374
flux through the PBL top or through the sides of the modeled box. This is illustrated in the375
schematic in Figure S5.376
The mixing ratio enhancement in the plume above background (∆S), and the width of381
the plume (distance between -b and b), can both be estimated from the aircraft data. We con-382
sider three approximately east-west flight legs, AB, EF and GH, which are shown in Figure 3,383
as being transects of the plume. The background is defined by the mean CH4 along the IJ leg384
to be 1913 ppb, with a standard deviation of 11 ppb. The plume edges have been defined as385
the points closest to the background value along each transect, and are defined in Table 1 by386
the start and end times in decimal hours.387
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Figure 3. CH4 mole fraction (ppb) for flight legs AB, CD, EF, GH and IJ. In situ measurements from the
FGGA are shown by red crosses, and air samples analyzed by CRDS are shown by the black symbols. Circles
denote samples taken in the wider plume, triangles are from the narrow spikes influenced by local sources.
The dashed line shows the background calculated by averaging CH4 along IJ. Time is in UTC.
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One point to consider is that we did not sample the complete plume, because of restric-388
tions on where we had permission to fly. Figures 1 and 3 show that the plume probably ex-389
tended further east than the flight track. If this was the case and we had sampled further east,390
we would have calculated a larger total emission. We have estimated this larger extent by per-391
forming the emission calculation while assuming the plume is symmetrical for transects AB,392
EF and GH. Here, the western half of the plume is defined from the peak to the widest ex-393
tent to the west. It is assumed that had we sampled fully, the plume would be symmetrical on394
the eastern side of the peak. Rows in Table 1 labelled "west half doubled" show these values.395
Note that the times denote the time from western extent to the peak, but the width denotes396
that distance doubled.397
Table 1 shows the range of calculated emissions from each of the downwind flight legs398
AB, EF and GH, ranging from 2.5 ± 0.8 x 104 to 4.6 ± 1.5 x 104 kg hr−1 (1.6 ± 0.5 x 106 to399
2.8 ± 0.9 x 106 mol hr−1). The uncertainties have been estimated for each term in the emis-400
sion calculation, and propagated to calculate an uncertainty on the emission, as shown in401
Table 1, with details in the supporting material.402
To calculate a flux (emission per unit area), an area over which the CH4 is released403
must be assumed. Here, we assume this to be the whole area between the upwind flight leg404
IJ and the relevant downwind leg, assuming the width of the emission area is uniform and405
equal to the width of the plume as defined in the calculation. This will provide an average406
flux per unit area. Based on the different plume definitions in table 1, the mean emission407
flux per unit area ranges between approximately 1.8 to 5.8 x 10−9 kg m−2 s−1. The annual408
mean UK emissions in 2012 (which are used in the calculations in Section 4.3) correspond409
to a flux of about 9 x 10−11 kg m−2 s−1 (calculated by averaging all nonzero elements of the410
NAEI CH4 emissions inventory), so that our value, which we assume is related to a relatively411
short, localised emissions pulse is an order of magnitude higher than the UK annual average.412
Karion et al. [2013] estimate the emissions from a natural gas and oil field in Utah to413
be 5.5 ± 1.5 x 104 kg hr−1, which they equate to a leakage from natural gas from the same414
–10–
Confidential manuscript submitted to JGR-Atmospheres
fields of between 6 and 12%. They point out that such losses would be an important offset415
of the short-term climate benefit accruing from the use of natural gas (as well as a signifi-416
cant economic loss). Our estimated emission rates of the same order of magnitude as those417
found by Karion et al. [2013]. According to the Department for Energy and Climate Change,418
production of natural gas from the Leman fields was of the order 108 kg per month in 2014419
(https://itportal.decc.gov.uk/pprs/report3.pdf, accessed January 2016), which will be almost420
entirely CH4. The emission calculated here is equivalent to approximately 1.8 to 3.3 x 107421
kg per month, and would be about 18 to 33% of the total production if it were continuously422
emitting, which would be a similar or greater percentage loss to that calculated in Karion423
et al. [2013]. If the source emitted for only 10% or 1% of the time, it would equate to about 2424
to 3% or 0.2 to 0.3% of the total Leman field production. We do not know for how long this425
source was emitting, or even whether it is a leak from the North Sea gas industry (see later426
sections). The methane release from venting in the Leman fields from the 2014 NAEI point427
sources inventory is 1.7 x 106 kg yr−1, or about 0.1% of the total CH4 production.428
4.3 Pseudo-Observations Estimate429
Another way to estimate the CH4 emission responsible for the observed enhancement430
is to use computer modeling to generate so-called pseudo-observations. In this case, we431
transport CH4 emissions using the modeled winds to see if we can reproduce the details ob-432
served during the box flights. The method is explained in Section 3.433
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Figure 4. Boundary layer footprint, during the 24 hours prior to the flight, of trajectories released back-
wards in time from one location along the flight track in the target area. The footprint is the time-integrated
particle density of particles that are in the PBL over the 24 hours prior to the particle release point. A foot-
print was calculated for each 5-minute segment of the flight track. Figure 4b is a zoomed in area of 4a, which
also shows the "gas rig" emissions region (thin white rectangle), and the "land emission boxes" (two thick
white boxes). Mace Head Observatory is marked by the black circle in Figure 4a.
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The footprint in Figure 4 follows a northerly track around the high-pressure system.440
Emissions from the sea, or from land principally around Yorkshire and Lincolnshire (where441
the highest particle densities are, marked in the darkest blue), or both, are likely to have con-442
tributed to the higher levels of CH4 measured in the plume.443
Figure 5a shows the increment above the background arising from using the annual444
mean NAEI UK emissions from 2012 in solid black, with the key emission sectors shown in445
green, blue and brown. With these emissions we find an increase above the Mace Head back-446
ground of about 40 to 50 ppb. This is consistent with the mole fraction difference measured447
between our North Sea background CH4 of 1913 ppb, measured along flight leg IJ upwind of448
our target area, and 1865 ppb, the North Atlantic background measured at Mace Head. So,449
the NAEI emissions are consistent with the CH4 measured along IJ, but fail to capture the450
strong enhancements seen in AB, CD, EF and GH.451
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Figure 5. (a) Time series of the increment of CH4 above the baseline (1865 ppb, from Mace Head the
previous day) for the FGGA measurements (red crosses) and the calculated pseudo-observations using various
emissions. Annual mean total NAEI emissions were used to calculate the pseudo-observations shown by
the black solid line. The three main contributing sectors to the total NAEI are also shown: waste (brown),
offshore (blue) and agriculture (green). The dashed black line shows the result when the NAEI emissions
are added to the areal gas field emissions. Letters show the locations marked in Figure 1. (b) Annual mean
NAEI emissions are used to create pseudo-observations (again using a background value of 1865 ppb from
Mace Head the previous day), except for 2 small areas where the NAEI emissions are replaced with a higher
emission rate of 1 x 10−7 kg m−2 s−1. Box 1 is 53.8 to 54.0◦N, and 0.2◦W to 0.0◦E. Box 2 is 53.8 to 54.0◦N,
and 0.2◦W to 0.0◦E, as shown in figure 4b.
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In order to reproduce the observed peaks in CH4 (red crosses in Figure 5), an emission462
from a North Sea gas field region was added on top of the NAEI emissions. The gas field re-463
gion would in reality contain many point sources. Here, we represent the total emission from464
all the point sources as a simple area average. An emission of 1 x 10−8 kg m−2 s−1 was re-465
leased between 1.6◦E and 2.2◦E, and 53.3◦N and 53.5◦N (the thin white rectangle shown in466
Figure 4b), where Vulcan and other gas fields are located. The emission rate calculated in467
Section 4.2, using the mass balance approach, is slightly lower than this, ranging between 1.9468
and 6.4 x 10−9 kg m−2 s−1. If the emission rate and area from the mass balance calculation469
were applied here, the results would underestimate the CH4 peaks by tens to 100 ppb. The470
difference is likely to be because the mass balance approach involves making many assump-471
tions to model a simple box with uniform wind, whereas NAME models the 3D transport472
based on the meteorological analyses. For the pseudo-observations, the emissions are de-473
fined to best reproduce the CH4 measurements. The black dashed line in Figure 5a shows474
the result of this calculation. The model reproduces the height and width of the peaks well,475
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suggesting that a local source could explain the magnitude and structure seen in the observa-476
tions.477
In summary, our modeling indicates that the FGGA CH4 data are consistent with in-478
flow from the North Atlantic, which is being enhanced by UK emissions of CH4 as this air479
mass passes over land. As the air mass then passes over the North Sea, potential offshore480
sources can further increase the mole fraction of CH4 in the air mass. According to this ex-481
planation, the observed "troughs" during the transects have CH4 mole fractions consistent482
with outflow from the UK. The peaks correspond to this outflow combined with additional483
sources, which we hypothesise as coming from gas rigs in the North Sea. The dashed line484
in Figure 5a shows that this combination of emissions produces qualitatively good pseudo-485
observations. Analysis of the CH4 isotopologue data is investigated in the following section486
to further test this hypothesis.487
4.4 Source Identification Using Carbon Isotopes in CH4488
In addition to the FGGA data, flask and Tedlar bag samples of ambient air were also489
collected during the flight for subsequent analysis in the laboratory. CH4 mole fractions mea-490
sured in the laboratory on these samples by CRDS were entirely consistent with the FGGA491
data (Figure 6a). Flask and bag sample collection was also triggered when the FGGA de-492
tected the large CH4 spikes (>2050ppb), which were observed very close to gas rigs, as dis-493
cussed above.494
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Figure 6. (a) CH4 measurements (ppb) during Flight B802, in situ from the FGGA (red dots), and from bag
and canister samples analyzed using CRDS (black triangles when during a narrow spike in CH4 which has
been influenced by local sources, black circles otherwise). (b) Time series of the δ13C in CH4 (‰) measured
in triplicate from each sample, with the standard deviation represented by error bars. For CRDS data, only
samples taken within the planetary boundary layer are shown. Time is in UTC.
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The δ13C-CH4 isotopic signature was measured in the air samples, providing an ad-500
ditional constraint on the likely source of the elevated CH4. Gas supplied from the southern501
North Sea and distributed in SE England and the Netherlands has an isotopic signature be-502
tween -37 and -30‰, in contrast to -60 to -50‰ for landfill and waste sources, and -67 to503
-58‰ for agricultural emissions [Lowry et al., 2001; Zazzeri et al., 2015]. The isotopic sig-504
natures from three deep bituminous coal mines in Yorkshire were recently measured to be505
in the range of -45 to -49‰ [Zazzeri et al., 2016]. The average UK emission is -58 ± 3‰506
based on values in [Zazzeri, 2016; Zazzeri et al., 2015, 2016]. For a more detailed break-507
down of source signatures, see e.g. France et al. [2016]; Zazzeri et al. [2015].508
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Flasks collected at Mace Head on the West coast of Ireland at 14:00 UTC on the same509
day contained 1865 ± 1 ppb CH4 with a δ13C-CH4 of -47.37 ± 0.08‰ [White et al., 2017].510
Averaging the six samples with the lowest mole fractions provides a North Sea background511
of 1915 ppb with δ13C-CH4 -47.56 ± 0.12‰. The isotopic difference between the Mace512
Head background and the North Sea background is in agreement with the proposed UK513
mixed source of -58 ± 3‰.514
Figure 6b shows the δ13C-CH4 time series, while Figure 7 shows a Keeling plot from515
the data (the inverse of the CH4 mole fraction plotted against the δ13C-CH4), which can re-516
veal the isotopic origin of the measured CH4 plume in its y-intercept [Pataki, 2003]. The517
intercept and uncertainty were calculated for all Keeling plots from a BCES (bivariate cor-518
related errors and intrinsic scatter) orthogonal regression, with a bootstrap resampling from519
1000 simulations using the method developed by Akritas and Bershady [1996]. This takes520
into account the measurement uncertainties in both x and y axis measurements and allows for521
heteroscedastic distribution of data. Unless otherwise stated, this method is used for all the522
isotopic source signatures calculated here. Details of the use of this method for Keeling plot523
analysis are given by Zazzeri et al. [2015].524
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Figure 7. Keeling plot identifying the isotopic signature of the elevated CH4. If the points collected dur-
ing the local short lived gas spikes are omitted then an isotopic signature of -52.2 ± 1.8‰ is determined (a
predominantly biogenic source). The points collected in the gas spikes (hollow triangles) indicate addition of
CH4 from a local source. For the regression shown for points away from the local source, R2 is 0.637, giving
a correlation with p<0.001.
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The data in Figure 7 are divided into samples from the short-lived CH4 spikes, which530
we classify as strongly influenced by very local sources (hollow triangles), and samples that531
are representative of the plume (filled circles). The CH4 spikes are defined as elevations of532
>20 ppb in FGGA CH4 measurements with a duration of between 10 and 60 seconds. If533
bags were collected during these spikes on the FGGA record then they were separated as534
presumed to be influenced by a local source. An isotopic source signature of -31.5 ± 3.2‰535
was calculated based on two samples in the highest single CH4 spike (which was along AB)536
and one sample directly before it for a background. This signature clearly identifies this537
CH4 as being due to very local emissions from the rigs. Values of -31.7± 0.1‰ and -34.0538
± 1.8‰ were calculated for spikes along EF and GH. There were not enough data points to539
do bootstrapping for these spike calculations, so the BCES regression was performed without540
bootstrapping. Although there is large uncertainty because of the few data points in the CH4541
spikes, this value is consistent with the value from flight B809 of -33.0 ± 1.0‰ (see Section542
4.1 and supporting material). In contrast, a regression line of the plume data (filled circles)543
gives a δ13C-CH4 isotopic signature of -52.2 ± 1.8‰, which is not indicative of our hypothe-544
sised gas rig source alone. It could be representative of CH4 from the area of Yorkshire high-545
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lighted by the footprint (Figure 4), as there are known emitting coal mines, coal-fired power546
stations and gas-fired power stations, and the region therefore has a larger fossil contribution547
than nationally.548
Using the y-intercept of a Keeling plot to identify the δ13C-CH4 of a source effectively549
assumes a single source of CH4, or at least that the source can be described by that one value550
for δ13C-CH4. However, there could potentially be several different emission sources with551
different signatures. If these sources were well mixed before the measurement points, they552
would still form a straight line along the Keeling plot. The profiles show there is a well-553
mixed layer (Figure 2). The modeling discussion in the previous section suggests that we554
have measured air that has come from the North Atlantic, then picked up emissions over the555
UK, followed by emissions from over the North Sea, all of which mix, and which manifests556
in our measurements close to the surface of the North Sea as a plume of CH4. Superimposed557
on this are a few narrow spikes consistent with very recent local gas rig emissions. Another558
candidate for the source of the broader plume of CH4 is UK land-based emissions, although559
it is unclear as to why this was not observed upwind of the gas rig area. One explanation for560
that could be that the broader plume is consistent with a short-term pulse of land-based emis-561
sions, which we sampled by chance over the gas rigs we were targeting.562
Figure 4, showing the recent 24-hour boundary layer footprint, indicates that the air563
reaching our target area had crossed the United Kingdom and left the UK close to the south564
Humber area. This is a region with mixed agricultural sources, as well as some large energy565
generation plants. Potentially, the Humber estuary itself could be a source of biogenic CH4566
[Upstill-Goddard et al., 2000]. Coastal regions can also be a source of CH4, for example567
Borges et al. [2016] reported high CH4 emissions from the Belgian coastal zone of the North568
Sea. However those emissions were two orders of magnitude smaller than what would be569
required to explain our observations. Other studies have measured methane leaking from570
abandoned North Sea wells, however only a small fraction reaches the atmosphere. Viel-571
städte et al. [2015] found that only 2% (about 280 kg yr−1) of the methane released from572
three abandoned wells between Scotland and Norway reached the atmosphere. Schneider573
von Deimling et al. [2015] observed biogenic methane seeping from another abandoned well574
site in the northern North Sea. Most of the methane released remained below the thermo-575
cline, and only about 7.0 x 105 kg yr−1 reached the atmosphere, which is at lease two orders576
of magnitude smaller than required to explain our case.577
As a simple test for potential missing coastal sources, we repeated the NAME pseudo-578
observations calculations using the NAEI emissions described above, but in this case as-579
sumed further sources of CH4 of 1 x 10−7 kg m−2 s−1, or 28 kg s−1, (a rate at least 10 times580
higher than the NAEI inventory average for this area) from two individual model grid boxes581
in this region, box 1 covering 53.8 to 53.9◦N and 0.2◦W to 0.0◦E, and box 2 covering 53.9582
to 54.0◦N and 0.2◦W to 0.0◦E (see Figure 4b for the outlines of the boxes). Figure 5b shows583
the resulting pseudo-observations. It is clear that something approximating this source can584
also explain the observations qualitatively, although the width of the modeled peaks sug-585
gests a smaller spatial source than has been tested here. The other key difference is that these586
pseudo-observations create a peak during the upwind leg IJ (from time 15.32 to 15.58),587
which is not seen in the observations. These results imply that a correctly-timed intermittent588
point source of emissions, such as a power station, could explain the observed plume.589
A further possibility is that various mainland and offshore sources have already been590
well mixed by the time we sampled the air. For example, an approximation of the bulk signa-591
ture of multiple sources that have mixed together can be made using the following equation592
[France et al., 2016]:593
δ13Cbulk = δ13Cx[X%] + δ13Cy[Y%], (2)594
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where δ13Cbulk is the bulk signature (as determined by the Keeling plot), and X and Y595
represent different component sources of CH4. In this case, a simple calculation can be made596
to test whether a mixture of land-based emissions could combine with gas rig emissions to597
plausibly generate the observed bulk signature of -52‰. Two sources are assumed: a UK av-598
erage source of -58‰ (discussed above), which is represented in the model by the NAEI; and599
a gas rigs source with a signature of -32‰. Using these values, a relative proportion of 75%600
NAEI emissions and 25% gas rigs emissions (or other emissions with this isotopic signature)601
would result in a bulk signature of -52‰.602
To further investigate the plausibility of such a mixture, correlations between CH4 and603
CO and CO2 are shown in Figure 8, with each transect being shown by a different color.604
There is a positive correlation between all the tracers, however the slope is shallower for IJ605
in Figures 8b and c, meaning there is relatively more CH4 seen in all transects downwind of606
IJ. This suggests an additional source observed only downwind of IJ, which emits relatively607
more CH4, but still emits CO and CO2. Gas flaring emissions contain relatively more CH4608
than other fossil fuel burning (based on the NAEI inventory), but would be even more en-609
riched in 13C than fugitive gas. Above 2000 ppb of CH4, the CO and CO2 remain fairly flat,610
implying the source of the highest peaks in methane are not burning sources, which would611
emit CO and CO2. Fugitive gas from the rigs would be consistent with this. Figure 8c, shows612
evidence of an emission along CD, which was relatively rich in CO, and was not sampled on613
the other transects. This transect was furthest downwind and likely did not fully sample the614
plume under investigation, so has not been used in the mass balance calculation.615
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Figure 8. Scatter plots of (a) CO2 and CO, (b) CO2 and CH4, and (c) CO and CH4 mole fractions from the
aircraft transects. Each transect is represented with a different color.
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5 Discussion618
On 19 August 2013, a plume of CH4 was measured in-situ by the FAAM BAe-146 at-619
mospheric research aircraft, flown in a box pattern around the Leman gas field in the North620
Sea. The distinct plume was observed only downwind of the Leman field, suggesting that621
the field could be the source of the CH4. Applying a simple box model to the area, a CH4622
emission rate to the atmosphere of between 2.5 ± 0.8 x 104 to 4.6 ± 1.5 x 104 kg h−1 was623
calculated, depending on the assumptions made. This is 40 to 75% of the rate calculated by624
Karion et al. [2013] using a similar method on an oil and gas field in Utah, and would be625
about 18 to 33% of the total natural gas produced by the Leman gas fields in 2014, if emit-626
ting continuously. The European gas industries aim for a leak rate of 0.5% from extraction627
to delivery to the customer, therefore this would be in excess of their target. However, if the628
source is a one off pulse or is emitting less than about 1% of the time, it would be below the629
target.630
A North Sea gas field source in addition to the NAEI emissions was able to reproduce631
qualitatively good pseudo-observations using the NAME dispersion model. However, analy-632
sis of δ13C-CH4 showed that the CH4 plume had an isotopic signature of -53‰. If the plume633
was entirely from the gas field, it would be approximately -32‰, according to isotopic anal-634
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ysis of the localised spikes in CH4 in the immediate vicinity of the platforms. Land-based635
emissions from the UK are on average -58‰ however this area of Yorkshire is likely to have636
a heavier signature due to the presence of coal mines and power stations. Therefore the bulk637
signature of -53‰ could be representative of the land-based emissions of this region.638
Correlations between CH4 and CO and CO2 support the hypothesis of the CH4 plume639
being predominantly from sources that also emit CO and CO2, and the spikes in CH4 being640
fugitive gas from North Sea platforms. The slopes in Figure 8 indicate that the upwind tran-641
sect, IJ, sampled a different mixture of emissions than the downwind transects, which had642
relatively more CH4.643
There are many possible combinations of locations and strengths of emission that644
would explain the observations, and it is not possible to conclude unequivocally which is645
correct. We propose two likely explanations for the source of CH4 that is not represented in646
the NAEI annual emissions inventory.647
1. An additional source on land, likely to be a point source (e.g. a power station), how-648
ever it is not certain why this would be absent from the flight transect furthest upwind (IJ).649
Small-scale features, for instance land and sea breezes, could explain this discrepancy, as650
they would not be captured in the meteorological model used to model the transport. Or, it651
may be the result of a pulse of emissions, which was sampled by chance. If the additional652
source were from a power plant, the isotopic signature is likely to be heavier than the UK653
average of -58‰, and therefore consistent with the observed signature of -53‰.654
2. A mixture of emissions from the land and from gas rigs, which resulted in the ob-655
served bulk signature. A simple isotopic analysis suggests that up to about 25% of the CH4656
could be from natural gas (-32‰) and still be consistent with the observed bulk signature.657
Therefore the majority of the CH4 that is unaccounted for would still have to be from bio-658
genic sources (unless a lighter biogenic gas is also present).659
This work has demonstrated the importance of using isotopic analysis in addition to660
observations of mole fractions of CH4 in identifying sources. Isotopic measurements can661
help constrain the emission source, and can be useful for evaluating bottom-up inventories,662
such as the NAEI. For planning of future flights with similar objectives, it is further recom-663
mended that vertical profiles, both upwind and downwind of a source under investigation, are664
flown. This would allow for a better characterisation of the vertical structure and mixing of665
any emissions. Measurements of other trace gases would also help identify the source. Our666
measurements of CO and CO2 have helped to distinguish the local emissions from the gas667
field from the UK plume. In addition, ethane is a component of natural gas, but not emit-668
ted by agriculture or landfill. Combining measurements of CH4, ethane, carbon monoxide,669
carbon dioxide and carbon isotopes in CH4 would be an improved strategy for identifying670
sources.671
Had the isotopic analysis not been performed, the likely conclusion of this work would672
have been of a gas field source of CH4. We caution, therefore, of the importance of under-673
standing the limitations of the conclusions that can be drawn from a data set. In this particu-674
lar case, the simplest explanation appears to be incorrect.675
Acknowledgments676
The MAMM project was funded by the UK Natural Environment Research Council (Grant677
NE/I029293/1).678
JAP and MC also acknowledge support through the ERC ACCI project, project number679
267760.680
IP acknowledges support from MOCA, funded by the Research Council of Norway,681
grant 225814.682
–17–
Confidential manuscript submitted to JGR-Atmospheres
Ta
bl
e1
.
Va
lu
es
us
ed
fo
rm
as
sb
al
an
ce
ca
lc
ul
at
io
n.
Fo
ra
ll
tra
ns
ec
ts,
U
=5
.4
±
0.
84
m
s−
1 ,
co
sθ
=0
.9
3
±
0.
04
3,
z p
b
l=
50
0
±
50
m
,n
=4
0.
94
±
1.
1
m
ol
m
−3
,a
nd
it
is
as
su
m
ed
th
at
pr
es
-
su
re
is
97
0
hP
a
an
d
te
m
pe
ra
tu
re
is
28
5
K
.D
et
ai
ls
ab
ou
th
ow
th
e
er
ro
rs
ha
ve
be
en
ca
lc
ul
at
ed
is
in
cl
ud
ed
in
th
e
su
pp
or
tin
g
m
at
er
ia
l.
Tr
an
se
ct
St
ar
tt
im
e
En
d
tim
e
M
ea
n
CH
4
∆
CH
4
W
id
th
Em
iss
io
n
ra
te
Fl
ux
pe
ru
ni
ta
re
a
(d
ec
im
al
ho
ur
)
(d
ec
im
al
ho
ur
)
(p
pb
)
(p
pb
)a
(k
m
)b
(x
10
4
kg
h−
1 )
(x
10
−9
kg
s−
1
m
−2
)
A
B
14
.0
0
14
.2
5
19
60
46
93
2.
6±
0.
8
3.
9
A
B
w
es
th
al
fd
ou
bl
ed
14
.0
4
14
.1
5
19
83
70
88
3.
7±
0.
9
5.
8
EF
14
.6
7
14
.9
1
19
61
48
87
2.
5±
0.
8
4.
0
EF
w
es
th
al
fd
ou
bl
ed
14
.7
3
14
.9
1
19
59
46
14
0
3.
9±
1.
2
3.
8
G
H
14
.9
7
15
.2
2
19
59
46
97
2.
7±
0.
8
1.
9
G
H
w
es
th
al
fd
ou
bl
ed
14
.9
7
15
.1
9
19
57
43
17
5
4.
6±
1.
5
1.
8
a
U
nc
er
ta
in
ty
is
11
.7
pp
b.
b
U
nc
er
ta
in
ty
is
50
0
m
.
–18–
Confidential manuscript submitted to JGR-Atmospheres
Airborne data was obtained using the BAe-146-301 Atmospheric Research Aircraft683
[ARA] flown by Directflight Ltd and managed by the Facility for Airborne Atmospheric684
Measurements [FAAM], which is a joint entity of the Natural Environment Research Council685
[NERC] and the Met Office.686
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Data will be available through http://catalogue.ceda.ac.uk/uuid/03b040a422a4b694a90252410613282e693
or requested through direct contact with the corresponding author.694
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